Julien Ruffault, Florent Mouillot. Contribution of human and biophysical factors to the spatial distribution of forest fire ignitions and large wildfires in a French Mediterranean region. International Journal of Wildland Fire, CSIRO Publishing, 2017, 26 (6) Identifying the factors that drive the spatial distribution of fires is one of the most 16 challenging issues facing fire science in a changing world. We investigated the relative 17 influence of humans, land cover and weather on the regional distribution of fires in a 18
followed a fire size dependent pattern in which human activities and settlements mainly 23 determined the distribution of all fires whereas the continuity and type of fuels mainly 24 controlled the location of the largest fires. The spatial structure of fire weather was 25 estimated to be responsible for an average of 25% of the spatial patterns of fires, 26
suggesting that climate change may directly affect the spatial patterns of fire hazard in 27 the near future. These results enhance our understanding of long term controls of the 28 spatial distribution of wildfires and predictive maps of fire hazard provide useful 29 information for fire management actions. 30
Summary 31
We examined the human and biophysical factors driving the regional distribution of 32 wildfires in a Mediterranean area. We found a fire size dependent pattern in which 33 humans control the distribution of all fires whereas land cover and fire weather mainly 34 explained the location of the largest fires. These factors should therefore be taken into 35 consideration when projecting fire hazard. (Table 1) were selected to build a model by iteratively 126 eliminating correlated and non-informative variables from an original set of 21 127 variables (Table S1 ). To this end, the correlation between all explanatory variables was 128 assessed to identity variables correlated above a threshold of |ρ|=0.7. Then the fits of 129 spatial fire distributions were assessed against these two correlated variables to decide 130 which variable to retain. Variables with spurious effects were also discarded. Regional 131 maps of fire distribution, weather, human and land cover variables were then collected 132 at the 4-km 2 grid scale. For land cover and human factors, all the explanatory variables 133 7 were mapped to reflect the average conditions over the study period (1990-2006) as 134 closely as possible, but due to the lack of historical data for some variables, the 135 conditions prevailing on a single date had to be chosen as representative of the 17-year 136 period (see details below). However, as no major economic or societal changes 137 occurred during this period, we did not expect this simplification to be a major 138
limitation. 139

Fire data 140
The location, date and size of fires in the period 1990 to 2006 were extracted from the 141 PROMETHEE fire database (available on line at www.promethee.com). This database 142 is managed by the French forestry services and includes the final size, the day and 143 location of ignition for each registered fire on a 4-km 2 reference grid. A total of 6,381 144 fires occurred in the study area between 1990 and 2006. Most were small (median = 1 145 ha; mean = 6.5 ha), and because only 16 fires spread beyond the area of the reference 146 grid cell (400 ha), we assumed that fires did not spread beyond their ignition grid cell. 147
Each fire was then attributed to one or more of the five classes of final fire size burned 148 area: > 0 ha (all fires); > 1 ha; > 6 ha; > 15 ha; > 30 ha ( an increase in fire size. For instance, fires covering an area of more than 6 ha and 30 ha 154 were observed in 10% and 3.3% of grid cells, respectively (Fig. 1 ).
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Fire weather maps 156
Spatial variations in fire weather were described by using a single and integrative 157 variable and expressed for each grid cell as the fire weather season length (hereafter 158 was based on the prior identification of the fire-weather relationship. In addition, as the 161 conditions controlling the probabilities of fire start differ from those driving fire spread 162 in Mediterranean France (Ruffault and Mouillot 2015; Ruffault et al. 2016 Ruffault et al. , 2017 , the 163 FWSL was computed for each fire size class. We used the following two-step 164 methodology to map the FWSL: 165 (i) First, to determine the fire-weather relationship, we assessed the relative importance 166 of several key weather variables in the probability of fire occurrence using the spatio-167 temporal framework of Ruffault and Mouillot (2015) . For each fire, we extracted the 168 associated weather conditions in our basic spatio-temporal unit (or voxel, on 4-km 2 grid 169 cells and at a daily time step). Boosted regression tree (BRT, see description below) 170 models were then used to describe the relationship between fire occurrence and the 171 weather by comparing the conditions associated with fire voxels (positive elements) 172 with those associated with a sample of non-fire voxels (absence elements). (hereafter all fires) and fires > 30 ha only (hereafter large fires) (Fig. 2) . For all fires, 281 the FWSL ranged from 40 to180 days.year -1 (Fig. 2a) . The lowest values were observed 282 in the western part of the region where rainfall and mean temperature are respectively, 283 higher and lower than the regional means (Ruffault et al. 2013) . By contrast, a longer 284 FWSL was observed in the drier coastal areas (Ruffault et al. 2013) . Some marked local 285 variations were also detected according to the variations in soil water holding capacity 286 that influenced the variations in live fuel moisture content, and in turn, the FWSL. For 287 large fires, the regional pattern of fire weather was similar to the one observed for all 288 fires (Fig. 2b) but with a coherently shorter FWSL (ranging from about 10 days.year (Table 2) , with commission and omission errors of about 30%. The 294 performance metrics variability was higher for larger fire size classes, most likely due 295 to the exponential reduction in the number of "presence" grid cells with increasing fire 296 size.
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The relative contribution of the explanatory variables to the spatial fire distribution 298 models showed a size-dependent pattern (Fig. 3) . The distribution of all fires was 299 largely controlled by the percentage of wildland urban interface (WUI; 26.0%), the 300 FWSL (18.8%) and road density (16.4%). The relative importance and ranking of the 301 explanatory variables changed significantly with an increase in fire size: a major shift 302 was observed between fires > 1 ha and fires > 6 ha (Table 3 , Spearman test, p-303 value<0.1). When the individual contributions of all fires and large fires were 304 compared, there was a significant increase in shrubland area (from 6% to 24% and from 305 18.4% to 27%, respectively) ( Fig. 2c ) and in the FWSL (Fig. 2a) and a significant 306 decrease (from 26% to 9%) in WUI (Fig. 2f ). When these contributions were grouped, 307
we observed marked control of human variables over spatial fire patterns, but increasing 308 influence of climate and land cover factors with increasing fire size (summarized in 309 Fig. 3e ) 310
Individual relationships between each explanatory variable and fire hazard showed 311 different patterns (Fig. 4) . Fire probabilities were higher under intermediate levels of 312 human pressure (Fig. 4b,d ,f) but this pattern tended to disappear with increasing fire 313 size. As one might expect, the FWSL positively and monotonically affected fire 314 probability, regardless of the final fire size (Fig. 4a) . Finally, vegetation and land cover 315 variables showed some contrasting patterns. The probability of large fire occurrence 316 increased with an increase in the shrubland area (Fig. 4c) but decreased with increasing 317 forest area. The probabilities of ignition and large fires both increased with higher 318 landscape diversity but the impact of this variable was greater on fire ignitions (Fig.  319   4e) . In southern France, the greater influence of human-related variables on the spatial 339 pattern of fires tended to decrease with an increase in fire size, with a concomitant 340 increase in the importance of fuel characteristics and land cover (Fig. 3) . This result 341 strengthens the fire size dependence hypothesis that was previously proposed to explain Mediterranean France although we were unable to conclude whether it is due to the 355 higher flammability of this type of fuel or less intense fire suppression efforts in 356 shrublands than in forested ecosystems. Finally, we did not observe a higher probability 357 of large fires in continuous and homogeneous landscapes (Fig. 4) One interesting finding of our study is that the spatial variations in weather conditions 368 also largely influenced the location of fires in Mediterranean France. We estimated thatthe FWSL accounted for between 20% and 30% in the BRT models predicting the 370 spatial distribution of fires. These figures are not surprising given the marked regional 371 and local variability in drought and wind conditions (Ruffault et al. 2013) , two of the 372 critical variables for the probability of large fires occurring in this region (Ruffault et 373 al. 2017) . Given the rapid and non-uniform changes towards hotter and drier conditions 374 that are projected in the Mediterranean area in the coming decades (López-Moreno et 375 al. 2008), the spatial patterns of fire hazard might be modified through some changes 376 in fire weather. Of particular concern are the western and northern parts of our study 377 area both located at the edge of the Mediterranean bioclimatic area. In these peculiar 378 locations, the FWSL is still short (Fig. 3 ) but these areas are expected to undergo the 379 most intense changes (Ruffault et al. 2014) . in the relative probability of fires in the windiest areas (Ruffault and Mouillot 2015) . 399
Here our aim was to provide a comprehensive understanding of the regional spatial 400 pattern of wildfires and we consequently limited our analyses to a small number of 401 relevant explanatory variables (Table 1) (Table S1 ) had to be discarded from 408 our statistical models despite its relative contribution in BRT models (up to 14% for 409 large fires, not shown). Indeed, we observed that fire hazard was higher in areas located 410 close to the fire stations, surely because they were intentionally located to maximize 411 suppression, as also shown by Robinne et al. Mean annual number of days Relative probability
